The conductance catheter is a promising new instrument for continuously measuring left ventricular (LV) volume. Absolute LV volume (V[t]) is related to uncorrected conductance volume, B(t), according to the equation: V(t)=(1/a)(B(t)-aVe). The aV, factor represents parallel-conductance volume due to conducting material outside the LV blood pool, and may be estimated by transiently changing blood conductivity using a bolus injection of hypertonic saline.
parallel-conductance volume due to conducting material outside the LV blood pool, and may be estimated by transiently changing blood conductivity using a bolus injection of hypertonic saline.
a is the slope in the relation between B(t) and true LV volume. We tested the assumption that aVc and av are constant over a range of hemodynamic conditions. We performed multiple hypertonic saline aV, determinations in seven intact dogs during control conditions and subsequent temporary balloon occlusions of inferior vena cava (IVCO), aorta (AO), and pulmonary artery (PAO). We also compared B(t) with simultaneous biplane angiographic LV volume during similar control and intervention conditions. The saline-derived cvV, was 76±2 ml during control and fell significantly by -7±2 ml during IVCO (p<0.001) but not during AO or PAO. According to multiple linear regression analyses, the strongest predictor of saline-derived aV, was uncorrected end-systolic Bes, with a sensitivity coefficient of 0.60+±0.06 ml/ml (p<0.001). Angiographically derived aVc showed a similar dependence on Bes, with a coefficient of 0.77±0.14 ml/ml (p<0.001).
Angiographically determined a also showed significant variation with hemodynamic interventions, largely reflecting an underlying dependence on aV,. The variation in aV, and av with LV size may stem from nonlinearity in the B(t)-V(t) relation. Although the conductance catheter provides a useful measure of relative LV volume, measurement of absolute LV volume over a wide hemodynamic range using constant aVc and a factors is unrealistic. This result calls into question the current use of this technique for the measurement of the absolute end-systolicpressure-volume relation. (Circulation 1989; 80:1360 -1377 T he conductance catheter is a promising new instrument that provides instantaneous online measurement of left ventricular (LV) volume without requiring surgical instrumentation.1,2 The conductance-catheter technique has been tested against electromagnetic flow-probe stroke volume in open-chest dogs,1,2 thermodilution stroke volume and single-plane angiographic LV volume in humans,2 and balloon LV volume in isolated beating hearts.3 A portion of the total-conductance volume signal is due to electric current that passes outside the LV blood pool; this component has been termed aVC, or parallel-conductance volume. Baan et a12 described a method of estimating aVc using a transient change in blood conductivitiy. 2 Although there are several potential applications for the conductance catheter, there has been particular interest in assessing the end-systolic-pressurevolume relation in animals and humans.4 '5 In such studies, the parallel-conductance volume has been assumed constant despite changing conditions of LV preload and afterload. There has been concern, however, that aVC may vary with hemodynamic interventions, such as those that change the right ventricular volume. 3, 5 To study this problem fur-ther, we used multiple saline injections to measure aVC in closed-chest dogs after hemodynamic interventions that change the relative sizes of the left and right ventricles (balloon occlusions of inferior vena cava [IVCO] , aorta [AG] , and pulmonary artery [PAO] ). As an additional validation test, we compared conductance volume against frame-by-frame biplane angiographic LV volume over a similar set of interventions. Because the conductance catheter is being used in the intact state,5 even though validations in this setting have been limited,2 we performed our study in fully intact dogs. We found that the parallel-conductance volume strongly depends on the LV end-systolic-conductance volume itself, with aVC increasing as the left ventricle gets bigger. This result calls into question the use of the conductance catheter for measuring the absolute end-systolicpressure-volume relation.
Methods

Conductance Catheter
We used the eight-electrode catheter described by Baan et al,2 with the distal electrode (1) at the LV apex and the proximal electrode (8) just above the aortic valve. This catheter is connected to electronics (Stichting Leycom Sigma-5), which applies a 20-kHz, 0.07-mA RMS current between electrodes 1 and 8, measures conductances between electrode pairs 2-3, 3-4, 4-5, 5-6, and 6-7, and then sums them to obtain the total time-varying conductance, G(t). Absolute LV volume, V(t), is computed as V(t) = (l/a)(L2pG(t) -aVc) (1) where a is a unitless constant, L is interelectrode distance, p is blood resistivity, and aVc is volume correction due to parallel conductance, Gp, outside the LV blood pool (aVc=L2p Gp).
In practice, L and p are set on the Sigma-5 unit, which provides the uncorrected time-varying conductance volume, B(t)=L2p G(t). As described by Baan et Preparation We studied seven adult mongrel dogs weighing 20-25 kg, premedicated with 0.15 ml/kg subcutaneous Innovar-Vet (20 mg droperidol, 0.4 mg fentanyl/ ml), and anesthetized with 3 mg/kg i.v. pentobarbital sodium. After the dogs were anesthetized, we placed them supine in a biplane radiographic system. We maintained anesthesia with 40% N02-60% 02 by endotracheal tube and Quantiflex VMC ventilator. This regimen avoids reflex tachycardia and myocardial depression. We gave supplemental 1 ml i.m. Innovar-Vet injections as needed.
All catheters were placed percutaneously under fluoroscopic guidance in this closed-chest preparation. Millar PC-471 catheters were placed in the LV and right ventricle (RV) through right femoral artery and vein cutdowns. A balloon-occlusion catheter adapted from a Swan-Ganz catheter was placed in the pulmonary artery by right jugular vein cutdown. This catheter had a separate port just distal to the occlusion balloon to allow injection of hypertonic saline into the pulmonary artery. A similar balloon catheter was placed in the inferior vena cava just proximal to the right atrium by left femoral vein cutdown. The open lumen of this catheter generally was used to obtain blood for p measurements. An aortic balloon catheter adapted from the straight shaft of a pigtail catheter was placed in the descending aorta with the balloon just distal to the left subclavian artery by left femoral artery cutdown. This catheter was filled with dilute Renografin-76 instead of air to help visualize the balloon on x-ray and anchor it when inflated. A 7F Cordis eightelectrode conductance catheter was placed in the LV with the tip at the apex through left carotid artery cutdown. Catheters with 6 or 7 cm total interelectrode distances were used according to LV size, 6-7 electrode-pair segmental-volume signal, and on-line pressure-volume loops. After initial placement of the conductance catheter, its position was not changed during the rest of the protocol.
We killed the dog at the end of the protocol with an intravenous injection of 35-40 ml saturated KCI and then removed the heart and weighed the dissected LV (including the septum) and RV free wall. Protocol All data were collected with the respirator off at end expiration.
Saline injections. We used 3-4 ml bolus injections of hypertonic saline into the pulmonary artery to estimate aVC as described above during control conditions and after balloon-occlusion interventions. We We excluded saline runs from analysis if 1) there was obvious ectopy just before or during the conductivity transient, 2) the coefficient of variation in beat-by-beat heart rate just before and during the conductivity transient exceeded 15%, 3) less than four consecutive cycles meeting these criteria were available for analysis, or 4) the 6-7 electrode-pair segmental-volume waveform suggested that the proximal sensing electrodes had been pushed outside the LV into the aorta.
In each experiment, p started at about 125-150 flcm, fell steeply with the first few saline injections to about 90-100 flcm, and then continued to fall linearly with further saline injections to about 70-80 fcm by the end of the protocol.
Angiography. After completing the protocol just described, we conducted the angiographic portion of the study. We recorded pressure and B(t) data along with 60 frame/sec biplane alternating mode LV angiograms during a control state and after IVCO, AO, and PAO. Just before each LV angiogram and during a similar intervention planned for that angiogram, we performed one or two more saline injections to complement the saline-derived aV, data (denoted as VOL4 condition below). In experiments 904-907, we also repeated the control angiogram to test for reproducibility before performing the interventions (denoted as REPEAT). The Renografin-76 contrast media was premixed with 3-4 ml 23.4% saline to match blood p measured just before each LV angiogram. We injected 30 ml warmed contrast with a power injector at 15 ml/sec.
We used a cine mark that simultaneously produced a pulse on the ECG signal and blanked four frames on the cine film to synchronize the angiographic volume with B(t). Using the best opacified full cycle, each angiogram was digitized frameby-frame by hand, and LV volume was computed using a modification of Simpson's rule.6 Angiographic LV volume, A(t), was related to B(t) according to B(t)=mA A(t)+bA (4) Comparing Equations 1 and 4 reveals that bA=aVC, and mA=a. Thus, this method provides estimates of aVC and a, independent of the hypertonic saline injection method.
We tested the accuracy of angiographic LV volume measurement by performing biplane cine recordings of six clay models of the LV cavity. The models had realistic ellipsoidal LV shapes of decreasing size but with LV outflow and mitral inflow areas of constant size. The displacement volumes of the models were 15-80 ml. Although we did not include trabeculations, we believe the smaller-sized models were reasonable representations of LV shape at end systole. The regression of angiographic volume, A, to actual volume, V, was A=1.07V-0.3mI (r=0.9997, SEE=0.7 ml).
To assess ventricular geometry and the position of the conductance catheter within the LV, we traced the best opacified end-diastolic and endsystolic LV outlines (i.e., the same cycle used for B[t]=A[t]-regression analysis) and overlaid them with corresponding tracings of the catheter just before LV opacification. We also computed the distance from the LV apex to the midpoint of the aortic valve6 using these same frames to test whether total interelectrode lengths of the catheters were appropriate for the ventricles.
Data Acquisition
Seven data channels were recorded: 1) LV pressure, 2) RV pressure, 3) electrode-pair 4-5 segmental volume, 4) electrode-pair 5-6 segmental volume, 5) electrode-pair 6-7 segmental volume, 6 Using this coding scheme, the bi represents the deviation from the overall mean value for dog i (i=901, ... , 906). The deviation of dog 907 from the overall average is b07=-Tbi, i=901, . . . , 906.
This formulation is a standard way of allowing for between-subjects differences in linear-regression analysis. 8 Angiographically derived aV, and a were also regressed against single independent hemodynamic variables along with between dog effects, as in Equation 6 . Because a and aVc are theoretically and experimentally interrelated,3 a was regressed on aVe, including between-dog effects. We also performed a stepwise linear regression of a on dog dummies (forced into the regression first), hemodynamic variables, and aVCe to test the hypothesis that aVC is the dominant underlying predictor of a.
We regressed conductance-catheter stroke volume, AB=Bed-BeS, on simultaneous angiographic stroke volume, AA=ACd-AeS, including betweendog effects, and separately including a as an additional independent variable.
To test if the catheter lengths matched the LV lengths, we compared conductance-catheter totalinterelectrode distance with LV end-diastolic and end-systolic lengths over the various angiographic conditions using a repeated-measures analysis of variance. Ventricular and catheter lengths were compared using the Dunnett's test, with the catheter length taken as the control measurement.
Just before each angiogram we repeated the saline derivation of aVc (during the preangiogram condition previously described, denoted VOL4 Results Saline Injections Figure 1 shows total-conductance volume, B(t), and LV-and RV-pressure tracings during IVCO, AO, and PAO and the subsequent saline injections from experiment 901. We chose these particular tracings because we had digitized long-enough segments of the analog data to see the full transients associated with each balloon occlusion. The decrease in B(t) with IVCO and PAO and the increase with AO before the saline-induced conductivity transients are appropriate trends for the respective interventions.
We accepted 172 of the total 265 saline runs for analysis (65%) after we determined they had adequate steady state before the saline injection and good catheter position. Saline runs were excluded chiefly because of ectopy; only four were excluded because of changes in the 6-7 electrode-pair segmental B(t) waveform suggesting movement of that segment outside the LV. The 7+2 beats available per saline run to estimate aVc yielded excellent linear fits of Be versus Bed, with correlation coefficients of 0.975±0.025. Figure 2 shows a set of saline However, the IVCO aVC value of 38 ml was quite different from the 70-ml value for AO and PAO. This degree of variation was large compared with that of the overall data, but we show these plots because they are derived from the same saline runs as shown in Figure 1 . Table 1 summarizes the results of analyses using Equation 5 . Each dependent variable is shown as a Table 2 , which is consistent with the lack of a significant fall in aVc with PAO in so that each dog has an intercept equal to the average intercept for all the dogs.
Angiographic Studies
Angiography was performed in all experiments but 902 (because of equipment problems). A total of 28 angiograms were performed, but 2 were excluded from analysis because of unacceptable noise in the simultaneous B(t) signal (PAO in 904, AO in 906). As with the saline injection data, we used regression analyses to quantify effects of the interventions performed just before the angiography. Table 3 . According to this analysis, the control aVc averaged 91±4 ml. The change in aVc from control during IVCO of -12+6 ml was similar to that found in the salinederived data (p<0.054). The changes in aV, during AO, PAO, and the repeat control study were not statistically significant.
To explore the determinants of angiographicallyderived aVc further, we performed regressions of aVC against single hemodynamic variables using Equation 6 . Table 4 summarizes the results of these analyses. Like the saline results, aVc varied significantly with LVEDP, LVSP, RVEDP, Aed, Bed, and Bes,; it also varied significantly with AA. Although the coefficients were not exactly the same as those in Table 2 , the trends were similar. In addition, as with the saline injection data, stepwise regression indicated primary dependence of aV, on Bes, with similar coefficients (0.60+0.06 for saline and 0.77+0.14 for angiographically derived aVc). Figure   6 illustrates the dependence of angiographically determined aV, on Bes using the pooled analysis, in analogy with Figure 4 . LV End Systolic Conductance Volume, BES (ml )
The variation in a with the hemodynamic interventions was also analyzed. As detailed in Table 3 , the control value for a was 0.78±0.08. The largest change from control in a of 0.21±0.11 occurred during IVCO, but this did not reach statistical significance (p<0.078). The smaller changes from control during the other interventions also were not statistically significant.
We also tested for systematic variation in a by regressing it against individual hemodynamic variables, using Equation 6 . As detailed in Table 5 (9) Figure 9 shows a plot of Equation 9 using average values of a0, a1, bo, and b1 from the angiographic data. Because of the curvature in the B-V plot (convex toward the B axis), the intercept (aV,)
increases but the slope (a) decreases as V increases. Burkhoff et a13 found a remarkably linear B(t)-V(t) relation over a large volume range using ventricular balloon volume in isolated, ejecting dog hearts (with a small shift in the relation when the RV was filled). However, the average aVc of about 25 ml measured in that study does not fit with the 70-80 ml range observed in open-chest, closedpericardium dogs4 or fully intact dogs (our data). This difference suggests an insulating effect in their isolated heart preparations. The authors tried to compensate for this problem by using pericardial tissue for the balloon, but this balloon does not ameliorate the insulating effects of the air around the heart. In addition, because Burkhoff et al112
incised the mitral valve and suspended the heart from a disc in the mitral orifice, the LV geometry in their preparation was probably much simpler than that occurring in vivo, with potentially important effects on the electric field, and therefore on the B(t)-V(t) relation. 13 Kass et a14 used the conductance catheter to measure the end-systolic-pressure-volume relation in open-chest, closed-pericardium dogs and obtained reproducible results that changed appropriately with inotropic interventions. 4 However, the curve shifted noticeably when PAO was used instead of IVCO. They suggested that alterations in parallelconductance volume due to variations in RV filling were potentially important, particularly during PAO.
In our study, however, aVc varied significantly with IVCO but not PAO. This difference may stem from milder PAO interventions in our study. Kass 
Potential Limitations of This Study
Several animals showed reflex bradycardia during AO ( Figure 1B) . However, the goal of our study was to quantify variation in aXV, and a, and not to measure the end-systolic-pressure-volume relation, per se. Thus, our protocol did not include autonomic blockade. We defined end systole as the point of minimum B(t), again because we were not measuring the end-systolic-pressure-volume relation. We examined the waveform of the 6-7 electrode-pair segmental-conductance volume during each saline and angiographic run. If the 6-7 segment is extruded into the aorta, the waveform shows an increase in conductance volume during systole. Of the 265 saline runs, and 28 angiograms, only four of the saline runs showed waveform changes suggesting significant catheter extrusion, and these runs were excluded from the analysis. Our B(t) waveform sometimes showed slight variation during isovolumic portions of the cardiac cycle (see Figure 11 ). This has been the general experience with this catheter measurement,2,4 and presumably reflects LV shape change or other minor dynamic effects.
Our analysis of the saline data began with a formulation assuming a and aVc were constant, and (Figure 4) . Thus, the use of steady states allowed us to study variation in a and aV,. 
Multiple Saline Injections
In planning the saline portion of the protocol, we anticipated giving multiple injections to obtain sufficient data to study variation in aV, under a variety of hemodynamic conditions. We, therefore, anticipated that blood conductivity would increase, so that a small injection of saturated saline would have a decreasingly measurable effect on the conductance signal. For this reason, we chose to inject 3-4 ml saturated saline throughout the protocol, instead of the usual 1-1.5 ml.2 There might have been imperfect mixing of this much saline within the LV blood pool, but we did not have enough channels to analyze all the segmental aV,'s for proper mixing.
However, it is unlikely that a mixing problem would have led to the systemic trends we observed.
We found almost no evidence that the saline injections caused a hemodynamic disturbance. There were 48 saline runs during control conditions out of the total 172 runs analyzed. When these episodes were submitted to the steady-state analysis detailed above, only two of 48 showed a statistically significant c2 coefficient for LVEDP or RVEDP, which should be sensitive indicators of a volume loading effect.
The large total salt load did cause p to fall and, Angiography Angiography, although not perfect, is an established modality that continues to have an important role in the study of ventricular function. 16 Baan et a12 believed angiography was dependable enough to include in their validation studies. Our biplane Simpson's rule LV volume computation showed excellent correlation with displacement volumes of realistic ventricular models. However, the actual angiograms often had less than ideal opacification, especially in the anteroposterior projection. Mild hysteresis in the B(t)-A(t) plot was present in nine of the 26 angiograms performed but not consistently during any one intervention ( Figure 5 ). This hysteresis may have reflected a technical problem due to less LV opacification during the second half of the cardiac cycle. Despite the limitations of angiography, however, it is unlikely that random errors in the angiographic data would have lead to the systematic trends that we observed.
We took care to match the resistivity of the angiographic material to that of blood just before each angiogram. This is an important technical detail in comparing simultaneous conductance and angiographic volumes, which was neglected in the study of Baan et al. 2 We do not interpret the conductance catheter sometimes projecting beyond the opacified LV chamber as a measure of angiographic error (Figures 7 and 8) . We believe this observation represents the catheter tip being extruded beyond the true LV blood pool, that is, between trabeculations compressed together during cardiac contraction. Indeed, angiography permitted us to check actual catheter placement. The fact that the actual LV geometry and catheter placement are often different from theoretic assumptions may require more realistic accounts of the electric field and B(t)-V(t) relation. 13 Because Figure 4 ). This result is not surprising because the saline method is essentially an indicatordilution washout method of estimating aVe, and such washout methods are subject to variability of the order we observed. Moreover, because saline estimation of aVC derives from the intersection of the Bes-Bed regression with the line of identity, small errors in the slope of that regression may cause large errors in the aVc intercept ( Figure 2 ). As with other dilution methods, our experience suggests that multiple (i.e., 3-5) saline runs should be performed to obtain a representative average aV, in a given steady state. This many saline injections may alter the state under study or may not be tolerated clinically. Although this inherent uncertainty in the parallel conductance volume is only about 10-15% of the parallel-conductance volume (which is actually quite precise for a washout method), the absolute uncertainty can be significant compared with the LV volume, which is approximately 50 ml in a dog.
On the other hand, in applications where absolute measurement is not required, the conductance catheter remains a promising technique for potentially high time-resolution measurement of changes in LV volume over single cardiac cycles.
The significant underestimation of aV, by saline injection compared with that by angiogrpahy in the current study also raises questions about the ulti- 
